Abstract. Precipitation of DNA from a large volume of aqueous solution is an important step in many molecular biology and analytical chemistry experiments. Currently, this is mainly achieved by ethanol precipitation, where a long-term incubation (usually overnight) at low temperature of -20 to -80 C with high salt concentration is required. This method also requires a large quantity of DNA to form a visible pellet and was tested mainly for double-stranded DNA. To improve DNA precipitation, coprecipitating polymers such as linear polyacrylamide has been used. In this work, we report that starch nanoparticles (SNPs) can achieve convenient DNA precipitation at room temperature with a low salt concentration and short incubation time. This method requires as low as 0.01-0.1% SNPs and can precipitate both single-and double-stranded DNA of various lengths. The effect of salt concentration, pH and the crosslinking density of SNPs has been systematically studied. Compared to other types of precipitating agents, SNPs are highly biocompatible and can be degraded by a common enzyme (amylase). This work suggests a novel application of a bio-based material that is prepared in mass production.
Introduction
Our understanding on the function of DNA has expanded significantly from simply a carrier of genetic information to catalysts (e.g. DNAzymes) (Breaker & Joyce, 1994) , ligands (e.g. aptamers) (Wilson & Szostak, 1999) , and structural scaffolds in nanotechnology ( applications, it is critical to effectively precipitate, concentrate, purify and isolate DNA from a large volume of aqueous sample. Conventional methods for this include ethanol precipitation, ultrafiltration and reverse phase chromatography followed by lyophilization. Ethanol precipitation is a popular choice since it is simple to carry out, where ethanol is added to the DNA in the presence of a high concentration of salt at low temperature. However, the method is limited by the necessity of a large amount of DNA, requiring overnight incubation in sub-zero temperatures. If the concentration of DNA is too low, the precipitant cannot be easily collected since no well-defined pellet can be observed.
To assist in DNA recovery using ethanol precipitation, a co-precipitant is sometimes introduced.
Linear polyacrylamide has been commonly used for this purpose while polyethylene glycol and glycogen have also been tested. High recovery efficiency can be achieved with ultra-low temperature incubation (e.g. -70 °C), but it works well only for DNA longer than 30 base pairs (Gaillard & Strauss, 1990) . DNA shorter than 20 base pairs showed very poor recovery. If the reagents are mixed and centrifuged at room temperature, the recovery efficiency is only ~70% (Fregel, González & Cabrera, 2010; Tracy, 1981) . In addition, commercial samples of glycogen have been found to contain trace amounts of DNA contaminants (Bartram, Poon & Neufeld, 2009 ). Linear polyacrylamide is an alternative co-precipitant, but requires additional steps in polymerization, and residual unpolymerized acrylamide may raise toxicity concerns depending on the end use of the DNA. So far, no work has been shown on the precipitation of short single-stranded DNA, which becomes more and more important for analytical, biomedical and nanotechnological applications (Famulok, Hartig & Mayer, 2007; Liu, Cao & Lu, 2009 ).
Starch is a naturally occurring polymer of glucose that is abundant with good biocompatibility.
The natural granules of starch are typically of many micrometers in size, and various processes have been tested to reduce the size of starch granules into the nanoscale, increasing the surface area and processibility (Le Corre, Bras & Dufresne, 2010). Some of these processes have already been made in an industrial scale, where multiple tons of nanoparticles are generated in a reactive extrusion process Normally, starch is not expected to interact with DNA, since there is no charge attraction or other specific binding mechanisms. In the presence of ethanol, however, starch and DNA might coprecipitate. Herein, we report that DNA can be readily recovered by starch nanoparticles (SNPs) during ethanol precipitation at room temperature with a simple mixing. As a co-precipitation method, it also confers the advantages of a faster precipitation while recovering small concentrations of DNA and the material itself is from a renewable source (Habibi, 
SNP oxidation.
The oxidation of SNPs typically follows the protocol as described previously in literature (Kato, Matsuo & Isogai, 2003) . TEMPO acts as a catalyst to oxidize the primary hydroxyl group in the glucose unit of SNPs into a carboxyl group. In brief, a 5% w/w dispersion of SNPs is oxidized through a TEMPO-catalyzed reaction at under 5 °C using an ice-water bath. Bleach was added to oxidize up to 20% of available glucose units, with 0.5 M NaOH added to maintain pH above 10. The level of oxidation was determined based on the amount of NaOH used to reach a final of neutral pH. Afterwards, oxidized SNPs were purified through ethanol precipitation and centrifugation. Fluorescence readings were performed on a SpectraMax M3 from Molecular Devices, LLC (Sunnyvale, California) at 485 nm excitation and 525 nm emission. Each sample was repeated four times.
Gel electrophoresis.
Polyacrylamide gel electrophoresis was performed on a ds-DNA ladder ranging from 25-766 bp using a 15% acrylamide/bis-acrylamide gel. Electrophoresis of the ds-DNA ladder was prepared having the ladder proceed through the precipitation protocol described above. The supernatant was separated from the pelletized starch/adsorbed DNA, and the pellet re-suspended in 20 µL 50 mM HEPES. The re-suspended pellet and 20 µL of the supernatant were each mixed with 20 µL of 30% w/w of glycerol and loaded into their respective loading wells within the polyacrylamide gel.
The gel electrophoresis was performed at 600 V and 100 mA for 90 minutes. The resultant DNA migration inside the gel was stained with 0.5 µg/mL of ethidium bromide for 30 min, and then imaged under 302 nm fluorescence excitation.
Amylase assay.
Digestion of starch by amylase was carried out similar to the precipitation protocol described above; the major change is the addition of 5 µL of 2 mg/mL amylase after incubation of 1 h in ambient conditions. The amylase was allowed to incubate for an additional hour at 37 °C before the addition of ethanol and subsequent centrifugation. 
DLS. DLS measurements
were performed on a Malvern Zetasizer Nano ZS90 at 25 °C. Averages
Effect of charge on SNPs.
Since it is quite difficult to precipitate short DNA, to test whether SNPs can address this problem, we first employed a 12-mer DNA with a 6-carboxyfluorescein (FAM) label (DNA1, FAM-CACTGACCTGGG-3) to follow DNA adsorption based on fluorescence. Sample solutions were prepared by dissolving these SNPs in water to give a 10% (w/v) concentration. As an initial test, DNA1 in 100 mM HEPES was mixed with a final of 0.1% SNP. To probe the electrostatic effect, we further oxidized the SNPs using TEMPO-mediated oxidation to generate carboxyl groups (i.e. negative charges) (Kato, Matsuo & Isogai, 2003) . This oxidation procedure was allowed to proceed to oxidize 20% of the available C6 carbons within the starch chains. To this mixture, ethanol of double volume was added (e.g. final ~67% ethanol) and the samples were centrifuged. As shown in Figure 2B , the sample without SNP did not show much precipitation since the sample was not cooled to low temperature and the salt concentration was very low. Note that low temperature and high salt are the required conditions for normal ethanol precipitation protocols. The SNP sample produced a well- Figure 2D ). About 90% of the DNA was precipitated by SNPs, while ethanol alone showed no obvious DNA precipitation. Carboxyl modified SNPs showed less than 50% DNA precipitation, consistent with the electrostatic repulsion with DNA. We further studied the level of SNP oxidation ( Figure 2C) , where a significant decrease in DNA precipitation was observed at greater than 10% oxidation. 
Effect of crosslinking density and alcohol concentration.
Our SNPs were stabilized by internal chemical crosslinkers and crosslinking density might affect precipitation efficiency. Changing the crosslinking density might also provide mechanistic insights. Next we employed SNPs with 0 to 5% crosslinkers ( Figure 3A ). In addition, we also varied the concentration of SNPs. When the concentration of SNPs is high, all the samples showed similar capability of precipitating DNA, where more than 90% DNA was recovered. At lower SNP concentrations (e.g. below 0.01%), lower crosslinking density appears to be slightly more efficient for precipitating DNA, which might be related to a higher porosity and more effective DNA penetration into the core of the particles . In this regard, DNA was used as a probe for the internal structure of SNPs. Our DNA concentration was 5 µM or 0.002%, where notable recovery (~80%) was observed at 0.01% SNP concentration. Based on their similar mass we can deduce that most of the SNP chains were effectively utilized. For comparison, polyacrylamide is often used between 0.025-0.25% to precipitate DNA, which is in the similar range as our SNPs. We further varied the concentration of ethanol and also tested isopropanol ( Figure 3B ). It is interesting to note that no DNA precipitation was achieved at below 50% alcohol concentrations. Moderate precipitation was observed at 60%, where isopropanol appeared to be slightly more effective. At 70 or 80%, more than 90% DNA was precipitated with little difference observed between these two alcohols. The property of DNA is changed quite drastically when the concentration of ethanol is more than 60% (e.g. dehydration and conformational changes) (Piskur & Rupprecht, 1995) , and this is likely to be the reason for the observed DNA co-precipitation.
We chose to use ethanol for the rest of the study since it is a more commonly used reagent. for co-precipitation with the SNPs and all the sequences were precipitated by more than 90% ( Figure   4B ). Therefore, as long as the DNA is not a homopolymer of guanine, SNPs can be an effective coprecipitation agent. 
Effect of salt and pH.
Since salt concentration is an important parameter for traditional ethanol precipitation, we next tested SNP-assisted DNA precipitation using different amounts of salt. Figure   5A shows that adding Mg 2+ can slightly improve the efficiency of DNA precipitation but the effect of salt is not very obvious with up to 100 mM Mg 2+ , all showed high DNA recovery. At the same time, pH does not affect the precipitation either and highly efficient DNA precipitation was achieved from pH 3 to pH 9 ( Figure 5B ). The same conclusions were reached when a lower SNP concentration (0.05%) was used to study the effect of salt and pH (see Supporting Information). This study also indicates that the interaction between DNA and SNPs in ethanol is not dependent on ionic strength or pH. Most likely, DNA has low solubility in ethanol since it is highly charged and SNPs also have low solubility since it is very hydrophilic. The interaction between DNA and SNPs becomes favorable in ethanol. of SNPs is that they can be degraded by enzymatic degradation, while it is more difficult to degrade polymers such as linear polyacrylamide. To test this, we took a precipitated sample and treated it with iodine to produce a blue color based on the well-known I2/starch interaction. The samples showed an intense blue color ( Figure 7A , red spectrum), indicating that the helical structure of starch is at least partially retained in SNPs. After the amylase treatment, the purple color was significantly reduced as confirmed by the UV-vis spectroscopic measurement ( Figure 7A , black spectrum). Therefore, the SNPs can still be degraded by the enzyme and the internal crosslinks do not hinder the enzymatic reaction.
This is also reflected in the ability of the SNPs to precipitate DNA, where after the enzyme treatment, the samples cannot precipitate DNA ( Figure 7B ). 
Conclusions.
In summary, we described a simple, cost-effective and efficient method for precipitating DNA using ethanol and SNPs. Under the mild conditions used in this study (e.g. room temperature, low salt and short incubation time), SNPs can help achieve greater than 90% recovery efficiency, while ethanol alone often showed no recovery, especially for short ss-DNA. We systematically studied the effect of DNA length, sequences, ss-and ds-DNA, pH and salt concentration. On the SNP side, we also tested the effect of surface charge and internal crosslinking density. Compared to other polymer coprecipitation agent, SNPs are unique in terms of its good biocompatibility and can be degraded by
